Cohesin enables post-replicative DNA repair and chromosome segregation by holding sister chromatids together from the time of DNA replication in S phase until mitosis 1 . There is growing evidence that cohesin also forms long-range chromosomal cisinteractions 2-4 and may regulate gene expression 2-10 in association with CTCF 8,9 , mediator 4 or tissue-specific transcription factors 10 . Human cohesinopathies such as Cornelia de Lange syndrome are thought to result from impaired non-canonical cohesin functions 7 , but a clear distinction between the cell-division-related and celldivision-independent functions of cohesion-as exemplified in Drosophila 11-13 -has not been demonstrated in vertebrate systems. To address this, here we deleted the cohesin locus Rad21 in mouse thymocytes at a time in development when these cells stop cycling and rearrange their T-cell receptor (TCR) a locus (Tcra). Rad21deficient thymocytes had a normal lifespan and retained the ability to differentiate, albeit with reduced efficiency. Loss of Rad21 led to defective chromatin architecture at the Tcra locus, where cohesionbinding sites flank the TEA promoter and the Ea enhancer, and demarcate Tcra from interspersed Tcrd elements and neighbouring housekeeping genes. Cohesin was required for long-range promoter-enhancer interactions, Tcra transcription, H3K4me3 histone modifications that recruit the recombination machinery 14, 15 and Tcra rearrangement. Provision of pre-rearranged TCR transgenes largely rescued thymocyte differentiation, demonstrating that among thousands of potential target genes across the genome 4,8-10 , defective Tcra rearrangement was limiting for the differentiation of cohesin-deficient thymocytes. These findings firmly establish a cell-division-independent role for cohesin in Tcra locus rearrangement and provide a comprehensive account of the mechanisms by which cohesin enables cellular differentiation in a well-characterized mammalian system.
Cohesin enables post-replicative DNA repair and chromosome segregation by holding sister chromatids together from the time of DNA replication in S phase until mitosis 1 . There is growing evidence that cohesin also forms long-range chromosomal cisinteractions [2] [3] [4] and may regulate gene expression [2] [3] [4] [5] [6] [7] [8] [9] [10] in association with CTCF 8, 9 , mediator 4 or tissue-specific transcription factors 10 . Human cohesinopathies such as Cornelia de Lange syndrome are thought to result from impaired non-canonical cohesin functions 7 , but a clear distinction between the cell-division-related and celldivision-independent functions of cohesion-as exemplified in Drosophila [11] [12] [13] -has not been demonstrated in vertebrate systems. To address this, here we deleted the cohesin locus Rad21 in mouse thymocytes at a time in development when these cells stop cycling and rearrange their T-cell receptor (TCR) a locus (Tcra). Rad21deficient thymocytes had a normal lifespan and retained the ability to differentiate, albeit with reduced efficiency. Loss of Rad21 led to defective chromatin architecture at the Tcra locus, where cohesionbinding sites flank the TEA promoter and the Ea enhancer, and demarcate Tcra from interspersed Tcrd elements and neighbouring housekeeping genes. Cohesin was required for long-range promoter-enhancer interactions, Tcra transcription, H3K4me3 histone modifications that recruit the recombination machinery 14, 15 and Tcra rearrangement. Provision of pre-rearranged TCR transgenes largely rescued thymocyte differentiation, demonstrating that among thousands of potential target genes across the genome 4, [8] [9] [10] , defective Tcra rearrangement was limiting for the differentiation of cohesin-deficient thymocytes. These findings firmly establish a cell-division-independent role for cohesin in Tcra locus rearrangement and provide a comprehensive account of the mechanisms by which cohesin enables cellular differentiation in a well-characterized mammalian system.
The somatic rearrangement of lymphocyte receptor loci is central to adaptive immunity 16 . Gene segments distributed over millions of base pairs of genomic DNA are transcribed, brought into proximity with each other, and recombined in a cell-lineage-and developmentalstage-specific fashion [17] [18] [19] . In developing thymocytes, proliferation and differentiation are tightly linked and the activity of Rag (recombination activating gene) proteins is restricted to the G1 phase of the cell cycle 20 . Early thymocytes at CD4 2 CD8 2 double-negative (DN) stages 1 and 2 proliferate in response to cytokines and briefly arrest at the DN3 stage, where they rearrange the TCR b locus ( Fig. 1a ). Pre-TCR signals drive a phase of proliferation that extends to the early CD4 1 CD8 1 double-positive (DP) stage. Shortly after the acquisition of CD4 and CD8, DP thymocytes lose the expression of the transferrin receptor CD71 (ref. 21 ) and become small, non-proliferating CD71 2 DP cells ( Fig. 1a) , which represent the great majority of thymocytes. During their life span of 3 to 4 days, DP thymocytes undergo several rounds of Tcra rearrangement 16, 18, 19 . Successful TCR expression and engagement selects a minority (3-5%) of DP thymocytes for differentiation via a CD4 1 CD8 lo intermediate stage towards long-lived CD4 or CD8 single-positive (SP) cells, again with minimal proliferation 16, 22 (Fig. 1a ).
To address the role of cohesin in Tcra rearrangement and thymocyte differentiation, we combined a conditional allele encoding the cohesin subunit Rad21 (Rad21 lox ; Fig. 1b and Supplementary Fig.  1a ) with a Cre transgene under the control of Cd4 regulatory elements (CD4-Cre), which becomes active at the transition from the CD4 2 CD8 2 DN to the DP stage 23 . Pilot experiments with yellow fluorescent protein (YFP) reporters showed CD4-Cre-dependent accumulation of YFP after the CD71 1 proliferative stage in non-dividing DP thymocytes ( Supplementary Fig. 1b ). Proliferating CD4-Cre Rad21 lox/lox CD71 1 DP cells showed partial locus deletion but retained .50% Rad21 messenger RNA and protein ( Fig. 1c ). Rad21 genomic deletion was essentially complete (.97%) and Rad21 RNA and protein levels were substantially reduced in non-dividing DP thymocytes ( Fig. 1c ). Hence, cohesin was selectively depleted from non-dividing thymocytes. Importantly, CD4-Cre Rad21 lox/lox DP thymocyte numbers were normal ( Fig. 1d ). Intermediate CD4 1 CD8 lo and mature CD4 SP and CD8 SP thymocytes accumulated slowly in CD4-Cre Rad21 lox/lox mice ( Supplementary Fig. 2a ) but were present in normal numbers by 6 weeks of age ( Fig. 1d ).
Bromodeoxyuridine (BrdU) incorporation into replicating DNA can identify proliferating thymocyte populations and track their differentiation 22 . Pulse-chase experiments labelled proliferating (CD71 1 ) DP but not non-proliferating CD4 1 CD8 lo , CD4 SP or CD8 SP thymocytes 22 (Fig. 1e, 2 h time point). During the subsequent chase period, BrdUlabelled DP cells differentiated to become CD4 1 CD8 lo and eventually CD4 or CD8 SP cells ( Fig. 1e, left ). This sequence of differentiation was preserved in CD4-Cre Rad21 lox/lox thymocytes, but the proportion of DP thymocytes that became CD4 SP or CD8 SP was reduced ( Fig. 1e , right, and Supplementary Fig. 2b) .
In continuous BrdU labelling experiments, the percentage of BrdU 1 cells indicates population turnover 22 . Importantly, cohesin-deficient and control DP thymocytes labelled with similar kinetics (Fig. 1f) . Consistent with the pulse-labelling data (Fig. 1e ), the accumulation of CD4 1 CD8 lo and CD4 SP subsets was reduced in CD4-Cre Rad21 lox/lox mice ( Supplementary Fig. 2c ). Hence, cohesin depletion impaired the differentiation of DP thymocytes, but not their survival.
Unlike many other differentiated cell types, mature thymocytes can be induced to re-enter the cell cycle. In vitro activated CD4-Cre Rad21 lox/lox CD4 SP thymocytes showed abnormal mitotic figures with multiple spindles, chromosome segregation defects ( Fig. 1g and Supplementary Fig. 3 ) and poor survival ( Fig. 1g ). CD4-Cre-mediated deletion of Rad21 therefore generates thymocytes that die when forced to divide, yet have a normal lifespan as non-dividing cells in vivo. This allows the interrogation of cohesin functions in interphase, independent of essential cohesin functions during cell division.
Rad21 chromatin immunoprecipitation and sequencing (ChIPseq) mapped cohesin to key positions within the Tcra locus in DP thymocytes ( Fig. 2a ). Cohesin was abundant at the locus control region 24 , which separates the Tcra enhancer Ea from the neighbouring Dad1 housekeeping gene 25, 26 . Other prominent cohesin sites separated the Tcra TEA promoter from the Tcrd enhancer Ed, which controls Tcrd gene segments that are interspersed within the Tcra locus but follow a distinct developmental stage-specific program 18 . Cohesin colocalization with the insulator protein CTCF 8, 9 is found at the Dad1 site 10 kb downstream of Ea, whereas at the Ja49 promoter cohesin associates with its loading protein Nipbl and mediator subunits 4 more than with CTCF ( Supplementary Fig. 4 ). Interestingly, the major Tcra regulatory elements Ea and TEA bound copious amounts of cohesin, Nipbl and mediator as well as CTCF ( Supplementary Fig. 4 ).
RNA sequencing (RNA-seq) indicated that Tcra constant region (Ca) transcripts were considerably more abundant than transcripts from the neighbouring Dad1 gene and the Tcrd constant region (Cd) in Supplementary Fig. 2b ). f, Continuous BrdU labelling for DP thymocyte turnover. See Supplementary Fig. 2c for CD4 1 CD8 lo and CD4 SP subsets (mean 6 s.d., n 5 3-5 per data point). g, Top, metaphase spreads of 2 day activated thymocytes stained for a-tubulin (green) and DNA (DAPI, blue; see Supplementary Fig. 3 ). Magnification, 32,500. Bottom, cells recovered after 5 days.
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control DP thymocytes. In cohesin-depleted small DP thymocytes, Cd and Dad1 transcripts were elevated at the expense of Ca transcripts ( Fig. 2b ) as confirmed by real-time polymerase chain reaction with reverse transcription (RT-PCR) ( Supplementary Fig. 5a ). Moreover, transcription across the Tcra joining elements, Ja, was skewed: control DP thymocytes preferentially transcribed distal (39) Ja elements, whereas cohesin-depleted DP thymocytes preferentially transcribed proximal (59) Ja elements ( Fig. 2b ). Transcription of lymphocyte receptor loci facilitates rearrangement 27 in part via the trimethylation of histone H3 at lysine 4 (H3K4me3). H3K4me3 recruits Rag2 protein 14, 15, 28 , which together with Rag1 forms the recombinase complex 18 . ChIP showed reduced H3K4me3 deposition ( Fig. 2c ) and Rag binding ( Fig. 2d , e) at distal Ja elements in CD4-Cre Rad21 lox/lox DP thymocytes. Hence, cohesin deficiency affected Tcra transcription, H3K4me3 histone modifications and the recruitment of Rag recombinases.
Primary Tcra rearrangements involve proximal (59) Ja elements and occur in early CD71 1 DP thymocytes, whereas secondary rearrangements involve progressively more distal (39) Ja elements in nondividing DP thymocytes 18 ( Supplementary Fig. 1b ). CD71 1 DP CD4-Cre Rad21 lox/lox thymocytes had near-normal Rad21 protein levels ( Fig. 1c ) and Cd, Ca and Dad1 transcription ( Supplementary  Fig. 5b ), and primary rearrangements of proximal Ja elements were present at normal levels ( Fig. 3a, b ). In contrast, secondary Tcra rearrangements were substantially impaired in non-dividing CD4-Cre Rad21 lox/lox DP thymocytes ( Fig. 3a, b ), which were depleted of cohesin (Fig. 1c ). The usage of the distal Ja22 element, for example, Vα8-Jα22
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Vα8-Jα22 ChIP-seq of the 39 part of the Tcra locus in DP thymocytes. Arrowheads highlight cohesin sites at the Ea enhancer (black), the Tcra locus control region (grey), Ja promoters (turquoise), the TEA promoter (green) and between Tcrd elements and V gene segments (blue). b, RNA-seq of Tcra in CD4-Cre Rad21 lox/lox (red) and control Rad21 lox/wt (black) DP thymocytes. Rad21 ChIP-seq is in blue. c, ChIP of H3K4me3 relative to total H3 in CD4-Cre Rad21 lox/lox and control DP thymocytes. Hbb is a negative and Actg and Elp4 are positive control loci (mean 6 s.e. of two independent experiments). P 5 0.016 for all Ja elements; P 5 0.38 (not significant) for proximal (Ja61-48) and P 5 0.004 for distal (Ja37-16) Ja elements. d, ChIP of Rag2 relative to total H3 as in c (mean 6 s.e. of three independent experiments). P 5 0.0001 for all Ja elements; P 5 0.054 (not significant) for proximal (Ja61-48) and P 5 0.0001 for distal (Ja37-16) Ja elements. e, ChIP of Rag1 relative to total H3 as in c (mean 6 s.e. of two independent experiments). P 5 0.005 for all Ja elements; P 5 0.17 (not significant) for proximal (Ja61-48) and P 5 0.003 for distal (Ja37-16) Ja elements.
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was reduced on average by 86% (Fig. 3b, middle) , reflecting a progressive underrepresentation of 39 Ja segments (Fig. 3b, right) . This was confirmed by analysis of additional Va gene families ( Supplementary  Fig. 6a ) and by RT-PCR-based copy number analysis of mature Tcra transcripts ( Supplementary Fig. 6b ). Therefore, primary rearrangements occurred before the depletion of cohesin, whereas reduced cohesin expression impaired secondary rearrangements in nondividing DP thymocytes. Normal BrdU labelling kinetics (Fig. 1f ) exclude decreased lifespan as an explanation for aberrant Tcra rearrangement 29 . Consistent with the defective recruitment of Rag proteins to the Tcra locus ( Fig. 2d, e ), double-strand breaks were reduced in cohesin-deficient thymocytes (Fig. 3c ). This identifies Rag cleavage rather than double-strand break repair as the limiting step for Tcra rearrangements in cohesin-deficient thymocytes.
Because Tcra rearrangement changes the positioning of regulatory elements 18 , altered Tcra transcription (Fig. 2b ) could either be a direct consequence of cohesin depletion, or result indirectly from defective rearrangement. To distinguish between these possibilities we compared intronic Tcra transcript copy numbers in the absence of rearrangement in Rag1-deficient control and CD4-Cre Rad21 lox/lox DP thymocytes. Cohesin depletion reduced the transcription (Fig. 4a ) and H3K4me3 methylation ( Supplementary Fig. 7 ) at Ja independently of Tcra rearrangement.
To explore how cohesin affects Tcra transcription, we analysed long-range interactions between the TEA promoter and Ea, which are separated by approximately 80 kb of genomic DNA and together regulate the transcription of Tcra. In chromosome conformation capture (3C) assays 30 , Ea interacted strongly with TEA in DP thymocytes ( Fig. 4b ) but cohesin depletion reduced these interactions to the level found in pre-B cells, where Tcra is not detectably transcribed (Fig. 4b) .
Hence, the extent of Tcra enhancer-promoter interactions was celltype specific, correlated with Tcra transcription and was cohesion dependent. A role for cohesin in additional enhancer-promoter interactions during sequential Tcra rearrangements is suggested by Ea contacts with promoters between Ja49 and Ja37 (Fig. 4b) , which can drive Ja transcription in the absence of TEA 18 , and by cohesin binding to numerous Va promoters ( Fig. 2a ). Cohesin depletion also affected Ea interactions with the neighbouring Dad1 cohesin site, and therefore the topology of the Tcra locus control region 24 , which has CTCFdependent transcriptional insulator function 25, 26 (Fig. 4b ). As cohesin mediates CTCF-dependent transcriptional insulation 8, 9 , increased Dad1 expression at the expense of Ca (Fig. 2b ) may indicate impaired insulator function.
To test whether aberrant Tcra rearrangement caused inefficient differentiation, we equipped cohesin-deficient thymocytes with transgenes encoding rearranged TCRs. Compared to endogenously rearranged TCRs (Fig. 4c, top) , the expression of MHC class II- (Fig. 4c, middle) or MHC class I-restricted TCRs (Fig. 4c, bottom) markedly improved the generation of CD4-Cre Rad21 lox/lox CD4 1 CD8 lo and SP thymocytes.
In summary, cohesin shapes the chromatin architecture of the Tcra locus by mediating cell-type-specific long-range interactions between enhancer and promoter elements that control transcription, H3K4me3 deposition, Rag recombinase recruitment, and ultimately Tcra rearrangement. These defects compromise thymocyte differentiation by limiting the number and diversity of sequential Tcra rearrangements. Hence, cohesin contributes to cellular differentiation in a well-characterized mammalian system.
METHODS SUMMARY
The conditional Rad21 allele was generated by inserting loxP sites into introns 4 and 6 ( Supplementary Fig. 1a ). Methods used for RT-PCR and genomic PCR 2 , flow cytometry 2 , 3C analysis 2 , ChIP for cohesin 2 , histone modifications 30 and Rag proteins 30 have been described. See Methods for other mouse strains, BrdU labelling and detection, ChIP-seq and RNA-seq protocols, ligationmediated PCR, confocal microscopy, Tcra rearrangement assays and copy number measurements. 
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METHODS
Mice. Rag1-deficient mice 31 , OT-I as well as AND TCR transgenic mice 32, 33 have been described. To generate a conditional Rad21 allele, loxP sites were inserted into introns 4 and 6 to allow Cre-mediated excision of exons 5 and 6. Correctly targeted clones were detected by Southern blotting of BmtI and PacI digested genomic DNA to confirm the presence of 59 and 39 loxP sites, respectively. A puroDtk cassette flanked by FRT sites was excised to generate the conditional allele ( Supplementary Fig. 1a ). For genomic deletion analysis DNA was extracted and 50 ng were used per real-time PCR reaction. Primers were designed to detect the intact and not the deleted Rad21 lox allele. Data were normalized to the geometric mean of two genomic DNA (gDNA) sites on chromosome 2 and 3, respectively.
Rad21 lox , forward, CATGGTTGGCAGATGAGCAAC; Rad21 lox , reverse, CTACTTTCCCGCTAGCAACTG; gDNA chr 2, forward, CCCGGGCTAAT TCTCCTATGTC; gDNA chr 2, reverse, GCTGTAAAGTCAGTCGCTCGTG; gDNA chr 3, forward, TGTGCCAGCATCTTTTGCC; gDNA chr 3, reverse, GCGTGCTGGAATTAAAAGCC.
Mice were on a mixed C57BL/6 and 129 background and were matched for age and Tcra haplotypes in all experiments involving Tcra expression or rearrangement. Tcra haplotypes were determined by genomic PCR. Primer 1, GAGGAAAAATGGCCCGGTAG; primer R, TTCAGTAGTCCCT CTCCACG. PCR amplification 94 uC for 5 min, 5 cycles of 94 uC for 30 s, 68 uC for 30 s, 72 uC for 1 min, 5 cycles of 94 uC for 30 s, 65 uC for 30 s, 72 uC for 1 min, 5 cycles of 94 uC for 30 s, 60 uC for 30 s, 72 uC for 1 min, 20 cycles of 94 uC for 30 s, 58 uC for 30 s, 72 uC for 1 min, 10 min extension at 72 uC, HindIII digestion yields a 300 bp band for 129 and a 150 bp band for C57BL/6.
Rag1-deficient thymocytes were induced to progress to the CD4 1 CD8 1 DP stage by injecting 4-6 week-old Rag1-deficient mice once with 100 mg anti-CD3 (145-2C11) intraperitoneally. Thymocytes were harvested 10 days later. For BrdU labelling experiments, mice were given a single intraperitoneal injection of 2 mg BrdU (pulse-chase) or 0.6 mg BrdU every 12 h (continuous labelling). Mouse work was done under project licence PPL70/6845 issued by the Home Office, UK.
Ja segment usage was assessed by RT-PCR using Va8 and Ca primers, following which Southern blots of PCR products were hybridized with radiolabelled Jaspecific and Ca-specific probes 34 . Ligation-mediated PCR. This was done as described 35 using Ja-specific primers and probes (59 to 39). Ja61, primer (internal), AGTCCCTTCTCAGGCAAGAT GG; probe, TGAGGAACACGGAGTATCTC. Ja58, primer, ATGGCTTTGGAC CATGGATG; probe, TCTGAAACTCGCACAGTGGA. Ja49, primer, AGGGAA AGTGACAACCAGGC; probe, AGGTGTAGATTCTAGCTCTG; Ja27, primer, ATGGCAGATAGAATGGAGCGG; probe, TACCTCCACCTGTCTTCTCA. Ja6, primer, ATCAGACCAGACTGTCTGCCC; probe, GACCAATGGCAAAG GGAGGT. Confocal analysis. Mitotic figures were stained for a-tubulin (DM1A, Sigma) and DAPI as described 36 . Real-time PCR. Real-time PCR was carried out in a 20 ml reaction volume using iQ SYBR Green Supermix (Bio-Rad) and 0.5 mM primers. Amplification was 95 uC for 3 min, then 40 cycles of 94 uC for 15 s, 60 uC for 30 s and 72 uC for 30 s followed by plate read. RT-PCR and transcript copy number analysis. Total RNA was extracted using RNAbee (Tel-Test) and 1 mg was treated with 1 ml Turbo DNase (Ambion). Following DNase inactivation the RNA was reverse transcribed using 200 U Superscript III (Invitrogen) and 0.5 mg oligo(dT) or 3 mg random primers in a 20 ml reaction volume. 1/80 was used per real-time PCR reaction.
To estimate the number of transcripts, standard curves were generated for each pair of primers. The PCR amplicons generated by individual primer pairs were separated by agarose gel electrophoresis, gel purified and their concentration was determined using Quant-iT Picogreen (Invitrogen). The molar weight of the amplicons was calculated based on their sequence using OligoCalc 37 , which allowed the enumeration of copies in each sample. Twofold serial dilutions from 2,500,000 to 1,220 copies (spliced transcripts) and 2,000,000 to 976 copies (intronic transcripts) were analysed by real-time PCR. The standard curves were compiled by plotting the real-time PCR C t values against seeded copy numbers and subsequently fitting a logarithmic function. Only primers that generated a log fit R 2 . 0.99 were used. These standard curves were subsequently used to extrapolate the number of transcripts in the biological samples based on the C t values obtained after real-time RT-PCR. For the analysis of spliced transcripts the forward primer was specific to the respective Ja segment and the reverse primer to Ca. eJa56, forward, CTGGAGGCAATAATAAGCTGACT; eJa52, forward, AACACTGGA AAGCTCACGTTTGG; eJa44, forward, GGCAGTGGTGGAAA ACTCACT; eJa38, forward, AGCTGATTTGGGGCTTGGGGA; eJa31, forward, GGACGCAGCTGGTGGTGAAGC; eJa23, forward, GCTTATCTTTGGACAG GGAACCA; eJa18, forward, AACTTTTGGAATCGGAACCAGGG; eJa9, forward, ACAAACTTACCTTCGGGACAGG; TCRa-C, reverse, TCCATAGCTTTCATGT CCAGC.
Germline transcripts were analysed using primer pairs specific to introns adjacent to the Ja segments included in the spliced transcripts analysis. No amplification was detected without reverse transcriptase.
iJa56, forward, CCCTTGGAACCCTGATATGC; iJa56, reverse, CAGCCATT GTTTGGATTGGA; iJa52, forward, CTGTGGGCTGTTGCTTTCTG; iJa52, reverse, AGGGAAATGGTGGGTACACG; iJa44, forward, GAAGAGGCCTC ATGGAGGAA; iJa44, reverse, TCTCACAGACCGAAGGGACA; iJa38, forward, AGGACTTGGGGTCATCTCCA; iJ38, reverse, GGCTCCTCAGGACAGAC CAG; iJa31, forward, GCAGCCTGCCAGCTATCTTT; iJa31, reverse, CAAAA GCAGCAACCCAACAA; iJa23, forward, AGAGGAGGCCGAAAGTCTCC; iJa23, reverse, TGCACAAATCCAGGCCTATG; iJa3, forward, TCTGGACCC TTGGCAATCAT; iJa3, reverse, CCCTGCCCTGGTCTACTGTG; iJd2-Cd, forward, GGGTTTTGAGTTGGCTTTGG; iJd2-Cd, reverse, GGCATGTATTTT GCGGTTGA. ChIP-seq. Single-read high-throughput sequencing libraries were prepared from 10 ng of ChIP DNA and sequenced according to the manufacturer's protocols (Illumina Genome Analyser II). Reads of 38 bases were aligned to the Mus musculus mm9 genome assembly using ELAND (Illumina) and wig files generated with FindPeaks 38 were visualized with the UCSC Genome Browser (http://www.genome. ucsc.edu/). RNA sequencing. 10 mg total RNA were depleted of ribosomal RNA using RiboMinus (Invitrogen). Depletion was verified using an Agilent 2100 Bioanalyser and the retention of mRNA by real-time RT-PCR. The samples were treated with DNaseI, and the RNA was fragmented for 2 min at 94 uC in RNA fragmentation buffer (final concentration: 40 mM Tris acetate, pH 8.2, 100 mM potassium acetate and 30 mM magnesium acetate). The reaction was stopped by placing the samples on ice and the fragmented RNA was column purified (RNAeasy Minelute Kit, Qiagen), eluted in 10 ml, and used as template for cDNA synthesis using 5 mg random hexamers in a total volume of 20 ml. Second-strand synthesis was performed by adding 91.8 ml water, 30 ml 5* Second strand buffer (Invitrogen), 3 ml 10 mM dNTPs, 4 ml E. coli polymerase I (10 U ml 21 ), 1 ml E. coli DNA ligase (10 U ml 21 ) and 0.2 ml RNase H (10 U ml 21 ), followed by 2 h at 16 uC. 1 ml T4 DNA Polymerase (10 U ml 21 ) was added followed by an additional 10 min at 16 uC. The double-stranded cDNA was purified using the Minelute Reaction Cleanup Kit (Qiagen), eluting twice in 10 ml. Following quantification, 20 ng double-stranded cDNA was used for the preparation of a single-read high-throughput sequencing library according to Illumina protocols. Rearrangement frequency analysis by semi-quantitative PCR. Threefold serial dilutions of 100 ng genomic DNA were used for PCR amplification with forward primers specific to Va5 or Va7 and reverse primers specific to Ja56, Ja38 or Ja27, respectively 39 (this reference refers to Va5 as TRAV3-4 and Va7 as TRADV15-1). Primers for the Calreticulin locus were used as a loading control. PCR products were separated by agarose gel electrophoresis and stained with ethidium bromide.
Va7, forward, GCAGGATCTAATGTGGCCCAGAAAGTGATTCA; Va5, forward, AGGTGATCACAGAGGCATCCT; Ja56, reverse, ACGTACCTGGTA TAACACTCAGAAC; Ja38, reverse, CAAAGACGACTTTGTTGG; Ja27, reverse, TTAAGAGCCCAAGCAGATGCATAAG; calreticulin, forward, TCAT GAGTTCCCCACATCTTTG; calreticulin, reverse, CTGCCCTATCCTGAGTC TGACA. 3C. Cells were fixed in 10% FCS, 1% formaldehyde for 10 min at room temperature (22 uC) and fixation was stopped with glycine (0.125 M). 10 7 cells per sample were lysed in 10 mM Tris, pH 8, 10 mM NaCl, 5 mM MgCl 2 , 0.2% NP-40 for 30 min on ice. The nuclei were pelleted and re-suspended in 0.5 ml 1.23 digestion buffer (NEB2, New England Biolabs) and permeabilized with SDS (0.5% final concentration) for 1 h at 37 uC, shaking at 800 r.p.m. and 3.3% Triton X-100 were added for an additional 1 h at 37 uC. 2,000 U HindIII (New England Biolabs) were added before incubation over night at (37 uC, 800 r.p.m.) and inactivated with SDS (1.5%, 65 uC, 30 min). The reaction was diluted in 6.2 ml 1.13 T4 ligase buffer (New England Biolabs) and incubated at 37 uC for 1 h after addition of 1% Triton X-100. 800 U T4 DNA ligase (New England Biolabs) was added for 4 h at 16 uC, crosslinking was reversed by 300 mg proteinase K (65 uC, 16 h). 300 mg RNase A was added for 1 h at 37 uC. DNA was isolated by phenol/chloroform extraction and ethanol precipitation, quantified using Quant-iT PicoGreen (Invitrogen) and 200 ng DNA were used per TaqMan PCR reaction (QuantiFast, Qiagen). Data were normalized to the cross-linking frequency between the anchor and the neighbouring HindIII fragment. HindIII digestion efficiency was calculated as described 2 (Supplementary Fig. 8a) . The efficiency and linearity of 3C primers was tested on templates obtained by HindIII digestion and religation of genomic PCR products spanning the HindIII restriction sites. The products of each primer pair were gel purified and quantified to calculate copy numbers. Standard curves were constructed by tenfold serial dilution (2 3 10 6 to 20 copies). 3C primers were RESEARCH LETTER
